INTRODUCTION
Natural antioxidants, such as tocopherols, lose their effect after just a few hours of deep-frying 1 7 , limiting their applicability to large-scale cooking. Polydimethylsiloxane PDMS is added at ppm concentrations to oil for industrial purposes and exhibits a far higher antioxidative effect than natural and other synthetic antioxidants 3, 8 .
However, oil supplemented with ppm concentrations of PDMS is easily detected by its altered texture, mouth feel, and flavor compared to the original oil, thereby limiting its use as an antioxidant. Displacing the air at the surface of the oil with carbon dioxide obstructs the supply of oxygen to the oil. Aladedunye et al. 9 heated 4 L of canola oil at 185 5 under a flow of 150 L/h carbon dioxide and fried 8 batches of French fries per day for 7 continuous days and found that oxidation of the oil was remarkably reduced. However, the rather high cost of modifying common fryers and of carbon dioxide limits this approach 10 .
Deep-frying in a commercial big fryer typically continues until late evening and the temperature of the standing oil is still elevated the next morning. Oxidation of the frying oil proceeds vigorously under these conditions but can apparently be inhibited by rapid cooling. The present paper studies the oxidation level of oil during cooling in a commercial deep-fryer and investigates the effect of cooling to inhibit oxidation at different oil surface to volume ratios.
EXPERIMENTAL 2.1 Materials
Blended oils was a product of Nisshin Oilio Tokyo, Japan . All solvents and reagents were purchased from Wako Pure Chemical Industries Ltd. Osaka, Japan . Fatty acid composition of blended oil was 0.1 myristic acid, 8.5 palmitic acid, 0.1 palmitoleic acid, 3.5 stearic acid, 35. 4 oleic acid, 41.3 linoleic acid, 7.0 α-linolenic acid, 4.1 others by gas chromatography 11 .
Total tocopherol content was 763 μg/g.
Chemical properties
Peroxide value PV was determined according to JOCS Standard Methods for the Analysis of Fats, Oils, and Related Materials 2.5.2.2 -2013 . The method for determining polar compounds employs the open column chromatography, which is complicated and unsuitable in operation and reproducibility for many sample determination 12 . Thus
Hara et al. 13 proposed the facile and quick method using TLC-FID. The PC value depends on the definition of polar and nonpolar compounds. In the present work a digital edible oil tester testo270, Testo Japan, Yokohama, Japan determined polar compound content PC of oil easily with good reproducibility using an electrostatic capacitive type sensor which is used widely under high credibility 14 . Oil was placed in a 15-mL test tube and heated to 50 for the determination by testo270.
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Total tocopherols α, β, γ and δ-tocopherols were analyzed using a GL7700 HPLC system GL Science Inc. Tokyo, Japan equipped with an Inertsil NH2 column 25 cm 4.6 mm i.d.; GL Science, Tokyo, Japan under the following conditions: column temperature, 40 ; mobile phase, nhexane:2-propanol:acetic acid 1000:6:5, v/v/v ; flow rate, 1.2 mL/min; injection volume, 20 μL. Analytes were detected at the excitation wavelength of 298 nm and the emission wavelemgth of 330 nm with a fluorescent detector, FL7753 GL Science Inc. Tokyo, Japan .
Relative oxygen content determination
The oxygen content of oil was determined by a DO/O 2 / Temp Meter UC-12-SOL; Central Science, Tokyo, Japan equipped with a polarographic electrode 11, 15 . The oxygen content reading relative oxygen content of blended oil saturated with oxygen by bubbling air at 25 was set as 100 .
Deep-frying followed by slow cooling
Fresh blended oil ranging 1000-1900 g was placed in an electric fryer EP-D692; Twinbird, Niigata, Japan . The pan was 14 cm 22 cm 11 cm deep. The oil was heated at 180 to deep-fry 8 potions of 125 g of raw French fries Coop, Osaka, Japan , followed by cooling at a rate typical for commercial deep-frying slow cooling . Each potion was fried for 5 min at 15 min intervals. The surface to volume ratios SVR of oil ranged between 0.15 1900 g oil used -0.28 1000 g oil used cm 1 : density of oil, 0.92 g/cm 3 . PC values were determined just before frying each potion, when the oil was clear and reached 180 , and during cooling up to 24 h after the beginning of the experiment.
Device for actively cooling oil
A Graham-type condenser 30 cm long was connected to a peristaltic pump TP-20SA, AS ONE, Tokyo, Japan through heat-resistant silicon tubing with 2 glass tubes at both ends. The glass tubes were attached to the roundbottomed flask described in 2.6 in order to cool the heated oil quickly. Blended oil heated at 180 was circulated from the flask, through the peristaltic pump and into the Graham-type condenser at 873 mL/min. The condenser was cooled by a flow of water at 25 mL/s. See the following picture for the cooling set-up Fig. 1 . 2.6 Thermal treatment of blended oil followed by slow or active cooling Blended oil 1500 g was poured into a 2-L four-necked separable round-bottomed flask fitted with a stir bar and thermometer. An air pump delivered 110 mL/min of air into the flask through one neck of the flask. The oil was stirred at 85 rpm and heated from room temperature to 180 , then the oil was cooled slowly under stirring without aeration. In accordance with temperature decreases typical in commercial deep-frying, the temperature was decreased from 180 to 80 in 9 h under stirring, then the oil was left to stand without stirring. At 180, 160, 150, 140, 130, 120, 110, 100, 90, 80 and 62 , and at room temperature, a sample was removed by pipetting through the open neck of the flask and a 50-mL brown vial was completely filled. The vial was closed with a cap lined with heat-stable sealant so that no air was trapped in the vial. When the oil samples had cooled to room temperature, the relative oxygen content, PV, and PC values were determined. The SVR increased from 0.14 to 0.27 cm 1 as the amount of oil in the flask decreased due to sample removal. Blended oil was heated from room temperature to 180 in the same manner as described above with the exception that heating was stopped immediately after thermal treatment at 180 for 1 h, and the oil was circulated using the pump to cool itself quickly. When the oil had cooled to room temperature, stirring and pumping were stopped and the open neck of the flask was stoppered tightly. Oil samples were removed prior to heating, at 120, 180, 150 and 100 , and at room temperature. Relative oxygen content, PV, and PC were determined.
Deep-frying followed by active cooling
Fresh blended oil 1000-1500 g was placed in an electric fryer and heated at 180 to deep-fry 8 potions of 125 g of Fig. 1 Active cooling setup for heated canola oil using a Graham-type condenser and a peristaltic pump.
raw French fries as in 2.4. The oil was then cooled to room temperature in a period of 30 min by active cooling as in 2.6. The PC of the oil was monitored by a digital edible oil tester, described above. The volume of the oil was not drastically reduced only by the amount absorbed by the French fries .
Statistical analyses
All values for relative oxygen content, PV and PC are provided as mean SD. Each experiment was carried out in triplicate.
RESULT and DISCUSSION

Deep-frying followed by slow cooling
The SVR of oil in a commercial fryer ranges from 0.12-0.22 cm 1 when the maximum volume of oil is placed in the fryer 16 . SVR increases as the amount of oil reduces during deep-frying. Figure 2 shows the change in PC of blended oil SVR 0.22 cm 1 used for deep-frying 1 kg of raw French fries in a period of 2 h, then cooled slowly. PC increased by 4 during deep-frying and by 5.5 during cooling from 180 to room temperature 14 , showing that oxidation during slow cooling should not be disregarded, especially as the temperature decreased from 180 to 100 . Clearly, oil temperature should be decreased quickly to below 100 after deep-frying. Figure 3 shows PC increased during slow cooling. Small SVRs, e.g. 0.16 cm 1 , indicate a deep oil layer and large
SVRs, e.g. 0.22 cm 1 indicate a shallow layer. The increase in PC during cooling was small when the SVR was small, but deep-frying under conditions providing small SVR is not practical. On the other hand, a shallow oil layer is subject to oxidation as oxygen can quickly penetrate into the oil due to the big area of air to oil interface for the volume of oil. This result shows that oil layer with a large SVR value was oxidized far more easily than oil layer with a small SVR value during slow cooling.
Oil temperature decrease using active cooling
Local restaurants and supermarket kitchens cooperated in the cooling determination. The decrease in the temperature of oil 18-36 L after deep-frying was determined and is shown in Fig. 4A . Oil remained warm for a long period of time and was 60 even 11 h after being used for deep-frying.
The Graham-type condenser cooled by running water, described in 2.5, was used to decrease oil temperature quickly. Figure 4B shows the decrease in temperature of 1500 g of oil heated to 180 . About 120 kcal of heat 0.5 cal/g 1500 g 180 -25 was removed from the oil in 30 min by flowing 45 L in total of running water at about 20 ignoring the heat uptake by the apparatus, mantle heater, etc., and assuming a specific heat for blended oil of 0.5 cal/g 17 . This setup may be practical for commercial deep-frying operations.
3.3 Thermal treatment of blended oil followed by slow or active cooling Blended oil was heated to 180 in a round-bottomed flask and cooled slowly. PV reached 45.9 meq/kg and PC reached 9.5 Fig. 5A . Between 180 and 150 , peroxide decomposition exceeded peroxide formation and thus PV decreased, whereas below 150 peroxide formation exceeded its decomposition. In contrast, PC increased at 180 and remained increasing below 180 to 60 . Comparison to our previous results of oil allowed to stand after heating at 180 18 confirmed that oxidation is more drastic when oil is cooled slowly. The temporary oxygen content of oil is a balance between oxygen solubility in oil and the amount of oxygen consumed by oxidation at that temperature. During slow cooling, the relative oxygen content decreased down to a temperature of 110 , then increased to 77.9 at 20 after 24.6 h. In a similar thermal treatment experiment 18 , the relative oxygen content took the lowest value at 180 and began to increase at 150 during cooling, indicating that slow cooling assists oxidation. Blended oil heated at 180 for 1 h was cooled to room temperature within 30 min by pumping the entire volume of oil through the cooling circuit. PV increased during heating from 0.9 meq/kg at room temperature to 2.9 meq/ kg, then decreased to 1.9 meq/kg at 180 for 1 h, followed by an increase of 3.3 meq/kg at 100 Fig. 5B . PC reached 5 at 180 and remained stable till 24 h.
The change in the PV of oil at high temperature was not reflected in the PC value because the determination of PV is very sensitive at low levels of peroxides. The relative oxygen content reached 57.8 at 24 h, showing that active cooling inhibited the absorption of oxygen.
The results described above show that the antioxidative effect of tocopherols contained in fresh blended oil was involved in inhibiting oxidation. The content of tocopherol in blended oil before and after the heating experiment was 763 μg/g and 68 μg/g, respectively. Furthermore, the volume of oil decreased due to sampling for the determination of relative oxygen content, PV and PC, but this decrease was not taken into account.
3.4 Deep-frying followed by active cooling Figure 6 shows the change in PC of oil which was used for deep-frying French fries, followed immediately by cooling to ambient temperature within 30 min. The SVR was 0.28 cm 1 , a relatively a high value at which oxidation proceeds easily because of the large oil surface compared to the oil volume. PC remained at 10.5 between the end of heating and 24 h. We previously conducted a similar study 11 in which potato was deep-fried at 180 and the oil was then allowed to stand. The PC increased during cooling was 3.8 , clearly indicating that oil should not be The active cooling was carried out in 30 min easily in the present work. The time required depends on the circulation rate of a peristaltic pump, capacity of a Graham-type condenser and running water temperature, although the pump and condenser can be replaced by the more feasible apparatus when applied to commercial fryers. Cooling time of 30 min seems practical in the commercial kitchens.
In order to apply the active cooling to a conventional fryer used for commercial deep frying, pipes cooled by running water and a circulation pump have to be installed to the fryer. Because the active cooling will inhibit PC increases of some percent per every cooling, the present system is expected to be worth employing, especially when PC values of frying oil in use must be below 25 according to the regulation 19 . The inside of the pipes and pump must be maintained free from food dregs and heavily deteriorated oil so as not to contaminate oil in use when the cooling system is applied.
Conclusion
The present paper studied the oxidation level of oil during cooling in a commercial deep-fryer and investigated the effect of active cooling to inhibit oxidation at different oil surface to volume ratios. The concentration of polar compounds generated from thermally oxidized oil increased dramatically between 180-100 but little oxidation occurred below 60 . The peroxide and polar compound content in the heated oil did not increase when the oil was actively cooled using a circulating water-cooled Graham-type condenser system to cool the oil to room temperature within 30 min. When French fries were fried and the oil was then immediately cooled using the condenser, the polar compound content during cooling did not increase. Our results demonstrate that active cooling of heated oil is simple and quite effective for inhibiting oxidation during standing. 
